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Available online 25 August 2016AbstractThe local domain structure and surface potential of Pb(Zn1/3Nb2/3)O3e9%PbTiO3 (PZNe9%PT) single crystals were investigated by Kelvin
probe force microscopy (KPFM) and piezoresponse force microscopy (PFM), respectively. The results confirm the existence of the screening
layer on the surface of the material. The relaxation of the surface potential and its relation to polarization switching within the poled regions in
air and argon gas were analyzed. It is found that the surface potential increases with the poling voltage to a limited range. Comparing the
relaxation behavior in ambient air with that in argon gas, we find that the relaxation time in argon is much shorter than that in air, and the
relaxation in air is dominated by the space charge transport phenomena. In addition, the results show that the injected charges have significant
effects on the pinning of the polarization in PZNePT single crystals.
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Ferroelectric materials have widespread applications in
nonvolatile random access memories (NVRAMs), micro-
electromechanical systems (MEMS), and high-performance
transducers, sensors and actuators due to their superior piezo-
electric and ferroelectric properties [1]. These applications are
closely related to their surface properties, which have motivated
a number of studies on the polarization states and charge dis-
tribution in the surface layer of ferroelectric materials. It has
been shown that the polarization charges can be screened by
internal and/or external charges [2,3]. A variety of factors, such
as structural and electrical defects, surface adsorption, and
compensation of polarization-induced charges by band bending,
can contribute to the formation of the surface screening layer
[4e9]. The interaction between polarization and screening layer* Corresponding author. Fax: þ65 6779 1459.
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creativecommons.org/licenses/by-nc-nd/4.0/).may have an important effect on the properties and performance
of the ferroelectric materials, and it has thus motivated intensive
investigations, especially those employing scanning probe mi-
croscopy (SPM) based techniques [10e16].
Recent development of SPM-based techniques has made
SPM to be the most direct and effective tool for the observation
of domain-related features in nanometer scale [17]. In particular,
local polarization can be imaged by piezoresponse force mi-
croscopy (PFM) and scanning resistive probe microscopy
(SRPM), and surface potential can be measured by charge
gradientmicroscopy (CGM), andKelvin probe forcemicroscopy
(KPFM) [18e21]. Furthermore, Genenko, et al. performed nu-
merical calculation on surface potential of BaTiO3 and proved
that charged defects could lead to the formation of screening
layers [22]. Kalinin et al. also reported that the surface potential
of BaTiO3 was temperature dependent, and it was determined by
the screening charges rather than polarization bound charges at
room temperature [4,5,23]. Tong et al. investigated the relaxation
of rescreening by separation and refill of external screening
charges with a semiconductor-metal CGM tip [24]. Otherser B.V. This is an open access article under the CC BY-NC-ND license (http://
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polarized domains after being poled with different external
voltages [11,13,25]. They found that the surface potential de-
pends on the magnitude and duration of the pulse voltage applied
to the ferroelectric materials. The surface potential increased
with increasing poling voltage before reaching a saturation level.
Moreover, the relaxation of poled domains was found to be
closely related to the magnitude of the applying voltage, i.e., the
higher the voltages, the faster the relaxation would be [11,25,26].
However, there are only a few studies to explore the relationship
between surface potential and polarization switching, as well as
the relaxation mechanisms of poled regions in ferroelectric
materials, especially for relaxor-based ferroelectric materials
like Pb(Zn1/3Nb2/3)O3ePbTiO3 (PZNePT).
The purpose of this paper was to mainly investigate the
local domain structure and surface potential distribution of the
PZNePT single crystal before and after the poling processes,
and confirm the existence of the screening layer. In addition,
the surface potential relaxation behavior after applying
different voltages in ambient air and argon gas was also
investigated.
2. Experimental
Pb(Zn1/3Nb2/3)O3e9%PbTiO3 (PZNe9%PT) single crys-
tals (supplied by Microfine Materials Technology Pte. Ltd.,
Singapore) with respective orientations of [100]L/[010]W/
[001]T were used. The crystals were grown by an improved
high-temperature flux growth technique with PbO-based fluxes
[27]. The crystal was cut into small pieces and the surface of
the samples was first polished with SiC papers, followed by
fine polishing with 0.3 mm and 0.05 mm alumina powder using
water-cooled semi-auto polisher (Struers LaboForce-3,
Denmark). After the polishing processes, the size of the
samples is approximately 4 mm (L)  4 mm (W)  0.5 mm
(T).
The PFM and KPFM measurements were performed on a
model MFP-3D SPM system (Asylum Research, CA, USA). A
conductive PtIr coated silicon tip (NCHPt, Nanoworld,
Switzerland), with length of 125 mm, resonant frequency of
270 kHz, and spring constant of 42 nN/nm, was used to image
the domain structure and measure the surface potential. The
scanning rate was 1 Hz for both PFM and KPFM imaging. The
PFM images were obtained under the Dual-AC Resonance
Tracking (DART) mode [28], in which two different drive
frequencies were used to track the resonant frequency between
the sample and the cantilever. The drive amplitude for PFM
scanning was 1 V. All the poling processes were conducted in
contact-mode AFM by applying DC voltages to the conductive
tip. Since the ground tip scanning in contact-mode AFM could
transfer the surface charges [29], no scanning with ground tip
were conducted after the poling processes.
3. Results and discussion
Fig. 1 shows the surface topography, surface potential and
PFM phase images from the same region of the sample with thescan area of 18  18 mm2. Note that two types of contrast
distribute alternatively [see Fig. 1(a)e(c)], indicating that there
are two types of domain in this region. The phase image shows
that the adjacent domains have an approximately 180 phase
contrast. According to the operation principle of PFM [18,30],
these domains represent opposite vertical polarization di-
rections, i.e., one domain is in the upward direction and another
is in the downward direction. The surface potential values have a
difference of approximately 30 mV between the adjacent do-
mains [see Fig. 1(d)]. As was reported, there exists a screening
layer on the surface of ferroelectric materials [3,4], the observed
contrast of the surface potential can be attributed to the combi-
nation of the polarization bound charges and the screening
charges on the surface of the crystal [3,5,26]. Fig. 1(d) shows the
surface potential with peaks and valleys in the adjacent domains.
Since the PFM amplitude (see Figure S1 Supporting Informa-
tion) and phase [see Fig. 1(c)] is uniform inside each domain, it
means that the screening charges do not distribute evenly on the
surface, i.e., the interior of the domains shows larger charge
density than that in the region near the domain walls. Another
possibility is that the resolution of KPFM image is relatively
lower than that of the PFM image, whichmay also cause the non-
uniform distribution of surface potential [31].
To further study the details of the screening charge phe-
nomenon, four regions on the sample surface are poled with
þ3 V/þ9 V/3 V/9 V DC bias by PFM mode, respectively.
From Fig. 1(e), the PFM phase contrast of regions poled with
þ3 V and 3 V is the same as that before the poling process
[see Fig. 1(b)], while the regions poled with þ9 V and 9 V
show obvious opposite PFM phases contrasts. Fig. 1(f) shows
the regions poled with þ9 V and 9 V have an approximately
180 PFM phase difference, indicating that the domains in the
area poled with þ9 V has switched to the downward direction
completely, whereas the domains in the region poled with
9 V have switched to the upward direction. Fig. 1(g)e(h)
shows the surface potential distribution immediately after and
12 h after the poling process, respectively. In general, the
surface potential in the regions poled with positive (or nega-
tive) biases increases (or decreases), which verifies the exis-
tence of the surface screening layer. In the region poled with
þ9 V, the domains are in the downward direction [see
Fig. 1(i)] and the polarization bound charge near the surface
should be negative. However, a positive surface potential is
measured in the positive polarized region and a negative sur-
face potential is found in the negative polarized region,
showing that the surface is over screened, i.e., the amount of
surface charge is greater than that of the polarization bound
charge. After 12 h relaxation, the surface potential in the re-
gions poled with ±3 V becomes similar to that of the unpoled
region, while the regions poled with ±9 V still show higher or
lower surface potential values. Without the bounding of the
polarization charges, the over-screened surface charges with
opposite signs (at the voltages of þ3 V/3 V) can transport
through the Coulomb force, which could accelerate the
relaxation process [25,32].
Fig. 2 shows the surface potential and PFM phase images
after being poled with þ3 V and þ9 V in ambient air. To have
Fig. 1. (a) Surface topography, (b) PFM phase and (c) surface potential images of the PZNe9%PT sample measured in the same region before poling. (d) Extracted
profiles of the PFM phase and surface potential along the line indicated in (b) and (c), respectively. (e) PFM phase image measured in the same region as (b) after
being poled with þ3 V/þ9 V/3 V/9 V DC bias. (f) Extracted profiles of the PFM phase along the line in (e). Surface potential evolution (g) right after poling
and (h) 12 h after poling. (i) Schematic illustration of the screening phenomenon after being poled with 9 V.
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poled ferroelectric surfaces, the surface potential of the poled
area is repeatedly measured in every 30 min until 5 h later, the
PFM phase images are then obtained. Immediately after poling
[see Fig. 2(a)e(d)], the poled regions exhibit an increased
surface potential, which indicates that the surface is over-
screened [33]. After 5 h, the area of the charged regions be-
comes greater than those observed immediately after poling.
This can be attributed to the in-plane redistribution of the
surface charges [32]. Fig. 2(g)e(h) shows the surface potential
distribution before poling, right after poling and 5 h after
poling. Clearly, the poled and surrounding regions both show
an increase of surface potential after poling. After 5 h, the
surface potential of the poled regions shifts to a lower value,
but it is still larger than that of the unpoled regions. The dif-
ference between the poled and unpoled regions becomes
smaller. To avoid the effects of injected charges, PFM images
are taken 5 h after the poling process. Figure S2 (Supporting
Information) shows that there are no differences in the PFMimages immediately after poling and 5 h after poling.
Fig. 2(c)e(f) shows the PFM phase images 5 h after being
poled. For þ3 V poling, there is no sign of polarization
switching. Most of the charges generated from the tip are
injected into or trapped by the surface [34]. For þ9 V poling,
only the outer edge of the poled region is switched to the
downward direction. There are two possible reasons for this
result, i.e., (1) the injected positive charges have mediated the
coercive bias; and (2) the surface charge accumulation affects
the electric field produced by the tip [34e36]. In Fig. 2(d)e(f),
the switched area shows a greater surface potential. This is
because the polarization in switched area has a downward
direction, thus the screening charges on the surface of the
switched area are positive, which contributes to the increase of
the surface potential.
To determine the difference of the charge transport
behavior under poling in ambient air and argon gas, the
similar experiments were conducted in a slow flow argon gas
(99.9999% purity Ar, O2 < 0.01 ppm, H2O < 0.02 ppm).
Fig. 2. (a) Surface potential image measured right after (t ¼ 0) being poled with þ3 V DC bias in ambient air. (b) Surface potential and (c) PFM phase images
measured at 5 h (t ¼ 5 h) after being poled in ambient air. (d) Surface potential image measured right after (t ¼ 0) being poled with þ9 V DC bias in ambient air.
(e) and (f) Surface potential and PFM phase images measured at 5 h (t ¼ 5 h) after being poled in ambient air, respectively. (g) and (h): Histogram curves of surface
potential measured before poling, right after (t ¼ 0) and 5 h (t ¼ 5 h) after being poled with þ3 V and þ9 V, respectively.
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after being poled in argon gas. The most obvious difference is
that the surface potential contrast of the poled region does not
change much with time in argon gas. The contrast at 5 h after
poling is still as clear as that observed right after poling
although the values of the surface potential reduce. This is
significantly different from the observation in ambient air
(see Figures S3 and S4 (Supporting Information)). The sur-
face potential in ambient air after 5 h becomes almost a
constant, whereas the surface potential in argon after 5 h still
shows the patterns corresponding to the domain structures.
This is because there are a few chargeable adsorbates in
argon gas. Therefore, the charges accumulated on the surface
cannot be compensated by space charges. In addition, it was
reported that the charge diffusion process could be assisted
by the water layer on the surface of the ferroelectric materials
[5]. In argon gas, however, the humility is rather low (i.e.,
H2O < 0.02 ppm), the diffusion of surface charges is there-
fore hindered [7]. Moreover, Kim et al. reported that, in TiO2
film, the oxygen ions, oxygen vacancies and holes in the
surface layer of interacted with the ambient air and changedthe surface potential [9]. To exam these effects, in this study,
similar experiments are conducted on PZNe9%PT samples
in the ambient air, synthetic air (H2O < 5 ppm), and Argon
gas (H2O < 0.02 ppm, O2 < 0.01 ppm) and the results are
shown in Figure S5 (Supporting Information). The results
show that oxygen adsorption/desorption does not play a
major role on the surface potential of the PZNe9%PT single
crystal. This can be attributed to the much lower density of
oxygen ion and vacancy in PZNe9%PT single crystal than
that in TiO2.
Another difference can be found from the PFM phase im-
ages after being poled with þ9 V. In argon gas, only the upper
edge of the region shows a switched polarization. In this work,
the poling process is conducted by scanning with biased tip
from the top of region to the bottom. Therefore, the switched
process only occurs in the beginning of the poling process. For
highly insulating crystals, charge carriers are localized at the
near-surface trap centers. When the tip scans over the surface,
it injects excessive amount of charges into the surface. These
charges can diffuse to the surrounding region and generates
more local accumulated charge defects, which can help pin the
Fig. 3. (a) Surface potential image measured right after (t ¼ 0) being poled with þ3 V DC bias in argon gas. (b) and (c) Surface potential and PFM phase images
measured at 5 h (t ¼ 5 h) after being poled in argon gas, respectively. (d) Surface potential image measured right after (t ¼ 0) being poled with þ9 V DC bias in
argon gas. (e) and (f) Surface potential and PFM phase images measured at 5 h (t ¼ 5 h) after being poled in argon gas, respectively. (g) and (h) Histogram curves
of surface potential measured before poling, right after (t ¼ 0) and 5 h (t ¼ 5 h) after being poled with þ3 V and þ9 V, respectively.
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Fig. 4. Average surface potential value of the regions poled with þ3 V and
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to the absence of water meniscus around the tip under argon
environment, which makes polarization switching very diffi-
cult [8].
Fig. 4 shows the average value of the surface potential of
each poled region as a function of the elapsed time. Clearly,
the surface potential at each poled region decreases with time.
The surface potential values measured in argon gas are lower
than those measured in ambient air. The relaxation process can
be divided into two stages, i.e., in the initial stage, the surface
potential decreases quickly due to the spread out of the surface
charges, in the later stage, the decaying rate slows down and
the surface potential reaches a stable value. The surface po-
tential values show a near-exponentially decaying relaxation
behavior, which agrees with the previous studies [26,37]. The
solid lines in Fig. 4 are fitted by an exponential function:
y ¼ y0 þ Aexpðt=tÞ, where y0 is the offset of each decaying
curve, A is a prefactor, and t is the relaxation time [22]. Table
1 summarizes the values of the fitting parameters. For þ3 V
and þ9 V poling in argon gas, it takes about 30 min to reach astable state. For þ3 V and þ9 V poling in ambient air, the
relaxation time is more than 1 h, and becomes a function of
poling voltages. For the relaxation time t, two deductions canþ9 V in ambient air and argon gas as a function of the elapsed time.
Table 1
Fitting parameters for the surface potential relaxation of the PZNe9%PT
single crystals in ambient air and argon gas with the equation of
y ¼ y0 þ Aexpðt=tÞ.
Poling voltage þ3 V (air) þ9 V (air) þ3 V (argon) þ9 V (argon)
y0 (mV) 250.17 1223.58 44.72 1170.96
A 270.97 1707.72 705.12 1412.50
Τ (h) 1.15 1.59 0.27 0.32
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shorter than that in ambient air; (2) the relaxation in regions
poled with a higher voltage shows a longer relaxation time.
These results indicate that the presence of oxygen and applied
voltage are important factors affecting the relaxation of the
surface potential in ferroelectric materials.
4. Conclusions
The local domain structure and surface potential of
PZNe9%PT single crystals were investigated, and the results
confirmed the existence of the screening layer. The surface
potential relaxation and its relation to polarization switching
were also analyzed. For the region poled at a lower voltage
(þ3 V), there was no polarization switching, but the surface
potential retained until 5 h later. For þ9 V poling, only a part
of the region showed polarization switching, and the injected
charges could polarization switching more difficult. In addi-
tion, it was found that the surface potential decayed in a near-
exponential way in both ambient air and argon gas. The
relaxation of the surface potential in argon gas took less time
than that in ambient air. This could be attributed to the absence
of charge adsorbates in the argon gas. These results obtained
could clarify the phenomena and mechanisms of domain
switching and relaxation behaviors in the relaxor-based
ferroelectric materials like PZNePT single crystals.
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